Background: Insertion Sequence (IS) elements are mobile genetic elements widely distributed among bacteria. Their activities cause mutations, promoting genetic diversity and sometimes adaptation. Previous studies have examined their copy number and distribution in Escherichia coli K-12 and natural isolates. Here, we map most of the IS elements in E. coli B and compare their locations with the published genomes of K-12 and O157:H7.
Background
Insertion sequence (IS) elements are generally small (700 to 2,500 bp) DNA sequences that carry genetic information related to their transposition and its regulation. A recent database includes about 500 IS elements from almost 80 bacterial genera and about 160 species [1] . IS elements were first discovered because of their mutagenic activity. Insertion of an IS element can lead to gene inactivation and strong polar mutation [2] . Activation of cryptic genes [3] , over-expression [4] or silencing of adjacent genes [5] may also be consequences of IS insertions. More global chromosome rearrangements can occur by recombination between two copies of homologous IS elements, leading to inversions [6] or deletions [7] .
The copy number and distribution of IS elements vary among natural isolates of E. coli [8, 9] . Investigation of the distribution of seven IS elements in the ECOR collection of E. coli strains suggests host regulation of IS transposition that varies in strength depending on the element, as well as more harmful effects on fitness with increasing copy number [10, 11] . The mapping of IS elements in E. coli K-12 suggests a non-random chromosomal distribution, with regions of low and high density [12] [13] [14] .
Although some IS-mediated mutations have been demonstrated to be beneficial [15] [16] [17] , it remains controversial whether these elements should, on balance, be viewed as genomic parasites or as beneficial agents that promote adaptive evolution [18, 19] . IS elements are also widely seen as important for horizontal gene transfer, including especially the movement of acquired genes from extrachromosomal elements into the chromosome. As wholegenome sequences are made available, it becomes more feasible to compare the precise distribution of IS elements in different strains of the same species. On the basis of the known types of IS elements present in E. coli K-12 [14] , we have mapped almost all of the IS insertion sites for an E. coli B derivative strain, and we compare this map with the ones derived from the genome sequences of E. coli K-12 [14] and O157:H7 EDL933 [20] and Sakai [21] . The sequences we obtained for regions adjacent to the IS elements in B augment existing data on the sequence divergence between E. coli B and K-12. These new data and comparative analyses are of particular interest for three reasons. First, E. coli B has been, after K-12, the second most widely studied E. coli strain. Second, the longest-running evolution experiment uses E. coli B, and the IS map developed here will facilitate the analysis of genomic changes that have occurred during the thousands of generations of this experiment [22] [23] [24] [25] [26] . Third, genome sequencing projects initially focused on a single genotype of the species of interest, but this constraint is disappearing. For new intra-specific genomic comparisons to be most efficient and useful, more data must be obtained on the co-linearity of genomes among individuals within the same species. IS elements and their associated mutagenic activities may substantially influence deviations from colinearity.
Results and Discussion

Numbers and clustering of IS elements in B versus K-12
The E. coli B strain used as the ancestor for the long-term evolution experiment, and hence in this work, was originally described as Bc251 T6 R Str R rm 111 Ara - [27] . Twenty copies of IS1, 1 copy of IS2, 5 copies of IS3, 1 copy of IS4, 1 copy of IS30, 5 copies of IS150, and 5 copies of IS186 were detected in this strain, while no IS5 element was found [24] . Sequences adjacent to these IS elements were cloned, sequenced, and compared to the E. coli K-12 genomic sequence [14] .
Copy number of IS elements provides a first criterion for comparing the genomes of E. coli B and K-12, and pronounced differences are observed. One difference is the absence of IS5 in E. coli B. It is unknown whether this difference reflects selection against this element in B, a lack of historical opportunity to invade B, or some other factor. The copy number of the other elements is also quite variable: in K-12 and B, respectively, IS1 has 6 and 20 copies, IS2 has 11 and 1 copies, IS3 has 5 copies in each strain, IS4 has 1 copy in each strain, IS30 has 4 and 1 copies, IS150 has 1 and 5 copies, and IS186 has 3 and 5 copies. High variability in copy number was also reported among natural isolates of E. coli [10] .
In B, there are apparent clusters of IS elements in the chromosomal regions between 12 and 15 min, 58 and 65 min, and 97 and 0.5 min ( Figure 1 ). The 12-15 min region corresponds to a region of high IS density in K-12 [13] . On the other hand, no IS elements were found in B between 65 and 75 min, nor between 85 and 97 min. Chromosomal regions devoid of IS elements were reported in K-12 between 53 and 67 min, and between 83 and 92 min [12] [13] [14] 28] ; the 83-92 min region corresponds to a low ISdensity region in B, but IS elements are not underrepresented in the 53-67 min region of B.
Genomic locations of IS elements in B versus K-12
Thirty-five of the 38 IS insertion sites were mapped for this B strain by sequencing their adjacent regions. (We were unable to obtain reliable sequences adjacent to the other three elements.) In terms of the precise locations of IS elements, there are only a few commonalities between B and K-12 (see Additional file: Table 1 ). In the nmpC gene (12.4 min), the rfb gene cluster (45.2 min), and the gat operon (46.9 min), IS elements are found in both strains, but the specific element or the exact site of insertion are different. The single IS4 element in each strain is in the same position, between two genes of unknown function (97 min). Also, IS3-1 (23.6 min) shares one endpoint (see below) with IS3-D in K-12, near a gene of unknown function.
Besides the single IS4 element, there are only three cases in which IS locations are identical for B and K-12. Interestingly, in all three of these other cases, the insertions are in loci (0.3, 13.1, and 80.2 min) homologous to the hok-sok plasmid stabilization systems [29] . Five hok-sok loci were reported in K-12, whereas six are present in B [29] . E. coli B has two additional insertions in one of these loci (IS1-5 and IS150-1 at 13.1 min). Moreover, IS150-3 and IS186-5 are both inserted in hokX-sokX (62.2 min), a locus that is absent from E. coli K-12. For the IS1 elements mapped in some natural isolates of E. coli [28] , the only site in common with our study was the hokC-sokC locus (at 0.3 min), where IS186-1 is present in E. coli B.
From these data, it is clear that IS elements are found in most hok-sok loci in E. coli B and K-12. By contrast, no such elements are found in the corresponding loci of O157:H7 [20, 21] , nor in some strains from the ECOR collection [29] . We suggest this discrepancy between IS-inactivated hok-sok loci in the laboratory strains B and K-12, and apparently active hok-sok loci in recent isolates from nature, may indicate that these genes have an important function in nature but not under typical laboratory conditions. The abundance of insertions in hok-sok loci in laboratory strains may even reflect inadvertent selection to disrupt their function (for example, if expression of these genes reduces growth rate).
Association of IS elements in B and K-12 with O157:H7 islands
IS insertion sites in E. coli B share no locations with the two E. coli O157:H7 strains that have been sequenced, with one partial exception. The IS3-5 element in B shows, on one side only, homology with an O-island of O157:H7 EDL933. This homologous region is aligned with a bacteriophage structural gene. For 13 other IS elements in B, O157:H7 EDL933-specific sequences (phage DNA or an O-island [20] ) are found at the corresponding locations (see Additional file: Table 1 ). Three such B elements (IS1-5, IS150-1, and IS186-3) are in the same region (13.1 min) and correspond to the same O-island. IS4 and IS1-17 (97 and 97.5 min, respectively) also correspond to a single Oisland. Thus, 10 independent regions in all are found to carry IS elements in E. coli B, but phage DNA or O-islands in O157:H7 EDL933. When the same comparison is performed with O157:H7 Sakai [21] , only 12 of the 13 elements (9 independent regions) in B correspond to Ospecific sequences, with the IS3-3 in B located at the site that corresponds to this difference between the two O157:H7 strains.
The same comparison between E. coli K-12 and E. coli O157:H7 EDL933 reveals that 31 of 43 IS locations in K-12 correspond to O157:H7-specific regions. Again, some K-12 elements lie in the same chromosomal regions, but there are still 17 separate regions that exhibit this cross-genomic association between IS elements in one strain and strain-specific sequences in the other. Some of these ISbearing regions are the same in B and K-12, including around 6-8, 12, 23, 30-32, 45, 65, and 96-98 min. These chromosomal regions include genomic fragments that have been reported to carry horizontally acquired genes in K-12 [30] . The presence of IS elements in these regions suggests their possible involvement in moving foreign DNA into the chromosome. The same 31 IS locations were also different between K-12 and O157:H7 Sakai [21] . However, for two of these locations, no specific sequences are found in the Sakai strain, but instead several genes present in K-12 are deleted in the Sakai strain.
B-islands contain DNA sequences specific to E. coli B
Just as genomic regions specific to E. coli O157:H7 have been called O-islands, B-islands can be defined as regions
Figure 1
Location of IS elements on the E. coli B chromosome. IS elements are represented by black dots. The position of the different IS elements is given in minutes. For clarity, in the two regions (between 8 and 15 min, and near 98 min) where several IS elements are closely located, their number is also given. The precise data are given in Table 1 (see Additional file: Table 1 ). 4 IS elements present in B but absent from K-12, O157:H7, or both. Two IS elements (IS1-11 and IS3-4) are located in regions of the B chromosome that are absent from both O157:H7 and K-12. A third B element (IS3-5) is located in a region that is homologous with an O-island of O157:H7 EDL933 on one side of the IS element, but not on the other side. A fourth element (IS1-17) is inserted in a region homologous to K-12 on one side and to a complex region of a pathogenicity island in Shigella flexneri [31] on the other side. A fifth B element (IS186-5) is inserted in a gene absent from K-12 but present in O157:H7. We now examine these five cases in greater detail.
IS1-11
This element is in a gene designated wbbD from yet another E. coli strain, O7:K1. That gene encodes a putative galactosyltransferase and is located in the rfb cluster (45.2 min on the K-12 map), which is involved in synthesis of the Ospecific chain of the outer membrane LPS. The sequences adjacent to IS1-11 have 100% identity to 615 bp covering parts of wbbD and manC (formerly called orf275 and rfbM, respectively [32] ); the latter gene encodes GDP-mannose pyrophosphorylase. E. coli B does not express O-specific side-chain LPS, and IS1-11 may be responsible for this lack of function. Interestingly, E. coli K-12 harbors an IS5 element in the last rfb gene, wbbL, which encodes a rhamnosyltransferase, thus accounting for its own absence of O-antigen production [33] . O-antigens vary widely among gram-negative bacteria, with horizontal transfer and recombination contributing to allelic diversity for the rfb genes [34] . Given the presence of the wbbD gene in E. coli B, and the similarity of the corresponding rfb region in B and E. coli O7 [35] , it is possible that B acquired the rfb gene cluster by horizontal transfer from O7, with its subsequent inactivation in B by IS1 transposition. It is also worth noting the role of IS elements in inactivating these gene functions in both laboratory strains.
IS3-4 and IS3-5
The sequences adjacent to the B element IS3-4 show no compelling similarity to anything in the genomic databases, except for a short alignment with a sequence from an unknown open reading frame of the Salmonella typhimurium pathogenicity island 2. Extending this adjacent sequence would help elucidate whether this might represent an IS-inactivated pathogenicity island. The sequences adjacent to the B element IS3-5 show, on one side only, very high similarity (91/92 nucleotides) with a bacteriophage structural gene present in an O-island of O157:H7 EDL933, while no homology is detected on the other side of the insertion site. Along with the inactivation of the Oantigen rfb gene cluster (described above), these insertions suggest that some ancestor of E. coli B may once have been a pathogen that later reverted to commensal status, and they also suggest a role for IS elements in that change in ecological niche. The GC content of the sequences around IS3-4 and IS3-5 is lower than is typical for E. coli genes, which might reflect acquisition through horizontal transfer.
The target-site duplications at the extremities of both IS3-4 and IS3-5 suggest there were no further rearrangements after these insertions. By contrast, all three other IS3 elements in E. coli B indicate rearrangements at their boundaries. IS3-1 (23.6 min), in particular, reveals a deletion of the region between ycdT and ycdV, two genes of unknown function. In K-12, IS3-D is at the same position near ycdT, whereas no element is near ycdV. Thus, the IS3-1 element in B may have resulted from an IS3 transposition near ycdV, followed by a recombination event between the new copy and the one near ycdT, which led to the deletion of the intervening sequence.
IS1-17
The sequence adjacent to one side of the IS1-17 element in B corresponds to sgcR (97.5 min). However, the other adjacent sequence is similar to a region of a Shigella flexneri pathogenicity island that contains the remnants of various IS elements [31] . No target-site duplication was found at the extremities of IS1-17, which suggests that a further rearrangement occurred at this locus. Our data also indicate that this chromosomal region contains several other IS elements in B, suggesting that this region may have been acquired by horizontal gene transfer. This region was previously reported to harbor horizontally transferred DNA in other E. coli genomes [30] .
IS186-5
This B element is located in hokX-sokX, a locus that is absent from K-12 but present in O157:H7. As noted above, hok-sok loci are derived from plasmid stabilization systems, but most have been inactivated by IS elements in laboratory strains. Five such loci were reported in K-12 [29] . A sixth one, hokX-sokX, was reported in E. coli B [29] , and that one we have found is also inactivated by this IS element.
Overall sequence similarity between E. coli B and K-12
Previous research has shown that E. coli B and K-12 are fairly closely related to one another, relative to the tremendous diversity that exists within this species as a whole [36, 37] . Multi-locus enzyme electrophoresis puts both of these strains in the A group [37] , whereas that same approach places O157:H7 in group E [38] .
The nucleotide sequences for the regions adjacent to the IS elements in our E. coli B strain permit two levels of comparison with E. coli K-12. The first is that of sequence similarity. An earlier summary of data from 33 genes found >95% similarity for all except one of them [36] ; and M. Travisano (pers. comm.) has sequenced four additional regions around crr, cya, fruR, and ptsHI in E. coli B, all of which also show high similarity to K-12. For the 32 IS sites in the B chromosome that share one or both adjacent sequences with K-12 (only one in common with the earlier summary), 29 exhibit >98% similarity and all but two are >95% similar (see Additional file: Table 1 ). The hokC-sokC locus in B has only 85% similarity to K-12, although they share an IS186 inserted at the exact same site. The low similarity here may reflect rapid divergence owing to the absence of any selective constraint on this inactivated gene. The fucA gene from B is about 94% similar to K-12, with the start of the gene being only 86% similar whereas the end is >99% similar. This abrupt transition in sequence similarity suggests that one of these two strains, since they diverged from their common ancestor, underwent a recombination event in this region with some more distantly related strain [36] . Overall, there is striking contrast between the high level of gene-sequence similarity of E. coli B and K-12, on the one hand, and the few cases of overlap in the location of their IS elements, on the other hand (see Additional file: Table 1 ).
A second level of comparison is the gene order along the chromosome. While the genetic map for K-12 is well established [39] , we have only local sequences in the vicinity of IS elements for E. coli B. Nonetheless, in 14 cases, an IS element in B was located between two genes. Except for one case (IS1-17, discussed above) in which we found a Shigella flexneri-related sequence on one side, the same pair of genes are immediately adjacent, and have the same relative orientation, in K-12 as in B.
Phenotypic properties of the B strain associated with its IS elements
Several IS insertions found in this study appear to be responsible for three phenotypes that either distinguish E. coli B from K-12 or are properties of this particular B strain. First, the IS1-13 element in B is associated with a deletion of the upstream promoter and first 114 bp of ompC (49.8 min) . This deletion also eliminates micF, which negatively controls expression of ompF [40, 41] . The corresponding outer-membrane proteins, OmpC and OmpF, are the two major porins of K-12, with their relative expression regulated by osmolarity [42, 43] . By contrast, E. coli B expresses only OmpF [44] [45] [46] , which evidently is a consequence of the deletion associated with IS1-13.
Second, the particular B strain with which we work was isolated by Seymour Lederberg [27] as a restriction-modification deficient mutant following treatment with the mutagen 1-methyl-3-nitro-1-nitrosoguanidine. This mutation was called rm 111 and genetic mapping indicated that it was a few minutes counterclockwise to the thr-ara-leu region (0.1, 1.5, and 1.7 min) on the K-12 map. We found the IS1-19 element at 98.6 min, with an accompanying deletion that removes 93 bp of the 5' end of the mcrD gene. That gene is involved in the 5-methylcytosine restriction system, and this position fits with Lederberg's mapping of the rm 111 mutation, which together suggest that this element is responsible for the restriction-modification deficiency.
Third, as described in detail elsewhere [17] , this strain of E. coli B is able to grow on ribose as a sole carbon source, but the Rbs + phenotype is genetically unstable. This genetic instability is a consequence of the IS150-5 element located immediately upstream of rbsD (84.7 min), which evidently promotes deletions of this adjacent region [17] .
Conclusions
In this study, we mapped most of the IS elements present in the E. coli B genome. The E. coli B strain with which we have worked has 38 known IS elements [24] , including 20 copies of IS1; 5 copies each of IS3, IS150, and IS186; and 1 copy each of IS2, IS4, and IS30. No IS5 element is present. We compared the resulting data with two other E. coli strains, K-12 and O157:H7, whose genomes are completely sequenced, with the following main results.
1) The genomic locations of IS elements show few commonalities between E. coli B and K-12. The most striking common feature is the presence of IS elements, often identical, in multiple hok-sok loci in both B and K-12. By contrast with this situation in these two laboratory strains, IS elements are absent from these loci in strains more recently isolated from nature, including O157:H7.
2) Many of the insertion sites of IS elements in E. coli B and K-12 correspond to phage DNA or O-islands in O157:H7. This association indicates that these regions of the chromosome underwent chromosomal rearrangements, in particular either the insertion or deletion of the DNA regions that distinguish the different strains; in the case of insertions, the large-scale differences also imply horizontal transfer. IS elements are well known, of course, to play important roles in gene deletion events and in the incorporation of foreign DNA into the chromosome during and following horizontal gene transfer.
3) A few sequences adjacent to IS elements in E. coli B reveal chromosomal regions that are absent from K-12, O157:H7, or both. One such B-island contains a gene, wbbD, that is identical to a gene involved in O-antigen synthesis from O7:K1, but the IS element precludes this function in B.
4)
Despite the pronounced differences in IS number and locations between E. coli B and K-12, most adjacent DNA sequences show >98% similarity. The available evidence also indicates that local gene order along the two chromosomes is largely the same, except for islands of strain-specific DNA. 
Materials and methods
Strains and culture conditions
The strain used in this study is an E. coli B derivative, originally designated Bc251 T6 R Str R rm 111 Ara - [27] . For cloning experiments, we used E. coli strain TOP10 (Invitrogen). Cultures grew in Luria-Bertani medium [47] supplemented with 12 g/l agar for plating cells. When appropriate, the medium was supplemented with kanamycin (50 µg/ml) or Xgal (40 µg/ml).
DNA handling
Genomic DNA was prepared from 1.5-ml cultures as described elsewhere [48] . Plasmid DNA was prepared from 1.5-ml cultures using the Qiaprep Spin Miniprep kit (Qiagen), according to the manufacturer's recommendations. All restriction enzymes were purchased from Life Technologies.
Characterization of sequences adjacent to IS elements by inverse PCR
Sequences adjacent to the various IS elements were cloned as described previously [25] . Briefly, genomic DNA of the E. coli B strain was digested with EcoRV for all IS elements, except IS150; we used HincII for IS150, because EcoRV cuts within that element. Fragments were separated on a 0.8% agarose gel, with PstI-and HindIII-digested Lambda DNA as size markers. Gel fractions carrying the different IS-containing fragments were cut and the DNA was purified. These fragments were self-ligated with T4 DNA ligase (Roche) at 5 to 10 µg/ml, and the ligated mixtures were used as templates in PCR experiments. The primer pairs used for inverse-PCR to amplify sequences adjacent to the different IS elements are listed in Table 12 . All primer pairs are near the extremities of the corresponding IS and are directed outward. PCR reactions were performed using Expand Taq DNA polymerase (Roche), according to the manufacturer's recommendations. The PCR products containing sequences adjacent to IS elements were cloned using the Topo TA Cloning kit (Invitrogen). The fragments containing adjacent sequences were used as probes in subsequent hybridization experiments to confirm that the right fragments were cloned. These cloned adjacent sequences were then sequenced using the same primers as for the PCR experiments. Sequences were compared with databases using the BLAST program [49] . All map positions are reported based on the genome sequence of E. coli K-12 [14] .
Hybridization experiments
DNA fragments used as probes were cold-labeled and hybridizations were performed with the DIG-labeling and detection kit sold by Roche. All hybridizations and washes were done at 68°C under high stringency conditions. Sequences adjacent to IS elements were used to probe reference membranes that had been previously probed with the corresponding IS elements themselves. These membranes carry EcoRV-and HincII-digested genomic DNA from the E. coli B strain. The membranes were probed with the IS elements, stripped and re-probed with adjacent sequences to demonstrate that the correct sequences were cloned.
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IS element
Name and sequence of the primers IS1 G3: 5' gtc atc ggg cat tat ctg aac 3' G4: 5' aga agc cac tgg agc acc 3' IS2 G177: 5' cat agt gcg ctg ggt tat cg 3' G178: 5' gtc tgc gtt tct ccg gcc ta 3' IS3 G155: 5' agt aac acc gat gcg ttc ag 3' G154: 5' ctg cta cga taa tgc ctg cg 3' IS4 G232: 5' acc aga tca aga gcc tgt cc 3' G233: 5' cct tcc cga gag tgg taa ag 3' IS30 G228: 5' cct ctg ctg taa atg ttc gtc tca 3' G229: 5' ggt tgc tgc tca gct aaa caa cag 3' IS150 G5: 5' gat cct gta acc atc atc ag 3' G6: 5' ctg aag gat gct gtt acg g 3' IS186
G7:5' cgg cat tac gtg ccg aag 3' G8: 5' ggt ggc cat tcg tgg gac 3'
List of abbreviations
IS: insertion sequence; LPS: lipopolysaccharide.
